Abstract. Online coordination of multiple robots working on a single workstation requires special attention. In these applications it is generally necessary that the robot arm follow a desired path in workspace so that it does not crash with any obstacle or the other robots. In this paper a two link planar robot crossing a rectangular obstacle is considered. The proposed idea is to define the relationship between obstacle's dimensions and the required joints trajectories parameters which allow the robot to reach its destination in the presence of an obstacle. First, the desired path for robot avoiding the obstacle is defined using a fourth degree polynomial. Corresponding robot joints trajectories are defined using a sinusoidal function with four parameters. Next, Design of Experiments (DOE) technique is utilized. Three levels for width and length of the obstacle are used as input and a full factorial DOE with nine experiments is defined. Instead of using the inverse kinematics, Particle Swarm Optimization (PSO) algorithm is used to obtain parameters of the robot joint sinusoidal functions. A second degree regression is used to obtain the relationship between each of the four sinusoidal function parameters and the obstacle dimensions. The obtained regression equations allow online changes to the trajectory as obstacle dimensions change. Four case studies, different obstacle dimensions, are simulated using the two link robot. The results show that using the obtained relationships the robot reaches its desired destination, with high accuracy, while avoiding the obstacles.
Introduction
Today, speed, accuracy and ability of robots in various fields are increasingly used in different industrial applications. In these applications it is generally necessary that the robot arm crosses a desired path and moves in workspace so that it does not crash with any obstacle. Often in these cases, the robot move in a dynamic environment and obstacle dimensions are not predictable. In such circumstances it is necessary that robot motion path be determined according to obstacle dimensions. Many of the techniques presented in the field of obstacle avoidance, require solving inverse kinematics of the robot. Additionally, some researchers use optimization techniques for path planning that are time consuming. Ata, A. A. [1] has studied a three link planar robot passing a desired obstacle using optimization algorithm of Generalized Pattern Search (GPS).They obtained the primary path using a cubic spline and three points around the obstacle. This path was next optimized using GPS algorithm with the goal of obstacle avoidance and robot joints movement minimization. Saska, M. [2] has proposed a method for mobile robots path planning based on Particle Swarm Optimization (PSO) optimization of Ferguson cubic splines. In his method, the mobile robot motion path is developed by connecting the splines. The resulting splines are next optimized with the goal of minimum path traveled to the target while avoiding obstacles. Bitwas, A. et al [3] have presented optimal trajectory planning of a robot with 3 degrees of freedom using genetic algorithm. In his study, robot trajectory is modeled using a fourth degree polynomial. The coefficients of the polynomial are obtained with the simultaneous goal of minimizing robot energy and maximizing the distance to the obstacle. Ozaki, H. [4] investigated optimal B-spline joint trajectory generation for collision-free movements of a manipulator under dynamic constraints. The values of the B-spline control points which describe the reference trajectories are optimized using the Complex Method while considering full dynamic and kinematic constraints. Wu, L. [5] , has presented a method by Octree model for passing obstacles while moving.
Most of the above discussed methods as well as other similar robot trajectory generation methods used for collision free path generation are offline and is time consuming. In the present paper, the proposed collision free trajectory can be generated online to pass a rectangular obstacle with any dimensions. A two link robot is used for simulation and demonstration of the proposed method.
Main Idea
An obstacle encountered by the robot can be embedded in a rectangular area that encompasses the outside perimeter of the obstacle. If the relationship between dimensions of the obstacle and the robot joint parameters are known, then it is possible to determine the joint parameters which avoid obstacle collision. This approach eliminates the need to solve the robot inverse kinematics and is computationally efficient. The resulting relationships are simple and allow online trajectory generation. To achieve this goal, Design of Experiments (DOE) technique is used [6] . DOE approach is extensively used in engineering applications. For example, DOE is used in path planning to determine ideal grinding condition [7] . In this study, full factorial experiment is conducted and parameters of the robot joints for trajectories that avoid the collision are determined for different values of obstacle dimensions. Particle swarm optimization (PSO) algorithm is used instead of robot inverse kinematics to determine the robot joints trajectory [8, 9, 10] .
Introducing the robot kinematics and path parameters
Consider a two link robot as shown in Fig. 1 . This robot has 2 degrees of freedom and moves in the horizontal plane. Assume sinusoidal trajectory for each of the robot joint angles. We can write,
Parameters , , , A ω φ γ in the above relationships are unknown parameters which their optimal value is to be determined by the optimization algorithm. The position of end effector in the robot is obtained by the following relationships:
The obstacle in the path of the robot is assumed rectangular (with rounded edges) with length=l and width=w. The position of the obstacle is shown in Fig. 2 . Five constraint points are manually chosen around the obstacle. A desired trajectory that passes through the five control points will insure the robot does not cross the obstacle. The Fig. 2 shows the five constraint points and robot's desired path. Coordinates of the constraint points are as follows: 1 2 0.56
Position of points 4 and 5 is considered symmetrical with respect to the origin of base frame {B}. Therefore, equation of optimal path for the end-effector can be defined using a 4 th degree polynomial as, 
Coefficients of Eq. 3 can be determined using the five constraint points. 
Determination of objective function
An objective function can be defined as sum of square's error between the actual and desired path as, 
In the above equation the path is divided into n segments. are the j th position of desired and actual points, respectively. It is critical that the points around the start and end of the path are strictly followed. Therefore, these points are given significantly more weight than the other points on the path. The objective function is modified as follows: 
In addition to the requirement of the tip to follow the desired path, the body of the actual robot, links, must also avoid interference with the obstacle. See Fig. 3 . Therefore, the last link is divided into K points and a penalty is assumed for any of these points that become within a 1 cm space of the obstacle. x y is not is a function of time. Note that the fitness function, Eq. 4, compares these two values. Therefore, for any given time, we must obtain the corresponding actual and desired position. To accomplish this we assume the endeffector is following the desired path with constant speed v . Therefore, time at any point along the path can be computed by,
Where S represents the length of arc traveled along the desired path and a represents the value along the x-axis of the starting point. Using Eq. 7 for each d x , one can calculate time, t, and subsequently obtain a x and a y . 
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Experiments Design and Relationships Extraction
A full factorial DOE based on three levels for each dimension of the obstacle is designed. A total of nine experiments are required. See Table 1 . In each experiment optimization algorithm is implemented and optimal values for each of the robot joint trajectory parameters ( , , , ) A ω φ γ are recorded. Experiments Results. To obtain the relationship for each of the parameters ( , , , ) A ω φ γ with obstacle length and width, it is necessary that the values obtained from PSO algorithm are homogeneous. See Table 2 . To do this, we can write, Fig.5 .
Fig. 5. Four case studies -variable size obstacles
Conclusion
In this paper, a two link planar robot moving in a workspace with variable dimension rectangular obstacle is studied. A relationship between obstacle's dimensions and the required joints trajectories parameters which allow the robot to reach its destination in the presence of an obstacle is obtained. First, motions of robot joints are modeled using a sinusoidal equation with four parameters. Next, design of experiments methodology is used and a full factorial experiment is defined. Obstacle width and length are used as input. Using particle swarm optimization algorithm the four parameters of the robot joint sinusoidal functions are determined. A second degree regression is used to obtain the relationship between each of the four sinusoidal function parameters and the obstacle dimensions. Four case studies are simulated. The results indicate that the developed regression model is quite effective in avoiding the obstacle in the robot workspace. This paper contributes by presenting an algorithm which results in an on-line trajectory generation method for robots with the presence of variable size obstacle. The algorithm potentially improves robotic cell productivity.
